To analyse stage specific incidence of breast cancer in the Netherlands where women have been invited to biennial mammography screening since 1989 (ages 50-69) and 1997 (ages 70-75), and to assess changes in breast cancer mortality and quantified overdiagnosis.
Introduction
The primary goal of cancer screening is to decrease cancer mortality. Cancer screening affects cancer mortality by reducing the number of advanced cancers with poor prognosis. In populations where screening is widespread, decreases in the incidence of advanced cancer should be the first sign that screening effectively reduces cancer mortality. [1] [2] [3] [4] This indicator has the advantage of being independent of treatment. It was recommended for the monitoring of the effectiveness of breast screening by the International Agency for Research on Cancer handbook on breast screening published in 2002 and by proponents of mammography screening. [5] [6] [7] [8] In 1988 a nationwide, population based organised cancer screening programme was launched in the Netherlands. 9 Deaths from breast cancer in Dutch women of all ages started to noticeably decrease after 1995. 10 In 2004 the Dutch National Evaluation Team reported reductions in the incidence of tumours of 20 mm or more diameter with positive lymph node or distant metastases, or both from 1989 to 1997 in women aged 50-69. 11 However, the incidence of smaller tumours with regional or distant metastases and tumours of 20 mm or more diameter without regional or distant metastases had remained stable.
Using methods similar to those of the Dutch National Evaluation Team, we updated the stage specific incidence of breast cancer in the Netherlands until 2012. From these updates we estimated the numbers of deaths from breast cancer that were avoided because of screening, and breast cancer overdiagnosis-that is, the number of breast cancers that would have never been detected during a woman's lifetime in the absence of mammography screening.
Methods
National breast screening programme, the Netherlands From 1989 to 1996, women aged 50-69 were invited to attend biennial mammography screening. In 1997
WhAT IS AlReAdy knoWn on ThIS TopIC
Since 1989 in the Netherlands women aged 50-75 have been invited to biennial mammography screening; digital mammography was introduced after 2006 A decrease in incidence of advanced cancers is the first sign of the effectiveness of screening and is independent of the effectiveness of treatments
The last evaluation of the national breast screening programme, published in 1993, suggested moderate decreases in the incidence of some categories of advanced cancer from 1989 to 1997
WhAT ThIS STudy AddS
From 1989 to 2012, no significant decrease in the incidence of stage 2-4 breast cancers has been observed in women aged ≥50 Screening would be associated with 0 to 5% reductions in breast cancer mortality in women aged ≥50, whereas improved patient management would be associated with a 28% reduction
In 2010-12 about one third of breast cancers among women invited to screening represented overdiagnosis doi: 10.1136/bmj.j5224 | BMJ 2017;359:j5224 | the bmj women aged 70-75 started to be invited. Digital mammography replaced film based mammography after 2006. Since the inception of the programme around 80% of invited women have attended, and screening of women aged less than 50 or more than 75 is uncommon. In 2000, only 2% of Dutch women aged 45 to 69 used oral combined oestrogen/progestogen hormone replacement therapy, decreasing to 0.5% or less after 2003, 12 a low utilisation rate that had no visible impact on the incidence of breast cancer. 13 
Data sources
We extracted data on breast cancer mortality for the Netherlands for 1987 to 2013 (international classification of diseases, 10th revision (ICD-10) code C50) from the World Health Organization mortality database. 14 In January 2015, the Integraal Kankercentrum Nederland provided the data on the incidence of in situ and invasive breast cancer by size, stage, and five year age group from 1989 to 2012 (data for all the Netherlands before 1989 are not available). The threshold diameter size for distinguishing cancer stage 1 and 2 is 20 mm. 15 16 We therefore considered in situ and stage 1 cancers as early cancers and stage 2-4 cancers as advanced cancers. This delineation between early and advanced breast cancers is common and was used in mammography screening trials (for example 5 ). Moreover, even in the era of efficient adjuvant treatements, the survival of women with stage 1 breast cancer is close to that of women without breast cancer, whereas the transition to stage 2 cancer is associated with lower survival. 17 We obtained data on age groups invited to screening by period, the type of mammography materials, and numbers of screen detected breast cancers in the reports of the Dutch National Evaluation Team. 18 19 Trend analyses Using the European Standard Population we age standardised the crude incidence and mortality rates. 20 We computed incidence trends of all breast cancers and advanced breast cancers for women of all ages, women aged less than 50, and women aged 50 or more. We did not split trends of stage 2-4 cancers by narrower age groups because screen detected cancers among women invited to screening could affect the rate of stage 2-4 cancers in older women not invited to screening. For estimating the influence of screening on the incidence of early cancers, we computed incidence rates for in situ and stage 1 cancers for age groups invited and not invited to screening-that is, women aged less than 50 (not invited), 50-69 (invited since 1989), 70-74 (invited since 1997), and 75 or more (not invited).
For quantifying changes in breast cancer incidence and mortality over time, we computed an overall percentage change using the annual percentage change derived from a linear regression of the log transformed age adjusted rates. Analysis of changes in temporal trends was done by joinpoint regression. 21 The joinpoint regression identifies periods when distinct linear or log linear trends are separated by inflexion points (joinpoints). Joinpoint regression was performed on data from the earliest available data until the last year of available data. A log linear regression was used with a maximum of three joinpoints. A minimum of three observations was allowed between two joinpoints and a minimum of three observations was allowed at the beginning and end of the trends.
Breast cancer deaths prevented by screening Two complementary works have shown that the screen detection at stage 1 of three breast cancers that would have been diagnosed at stage 2-4 in the absence of screening would prevent two deaths from breast cancer. 22 Firstly, the eight randomised trials on breast screening documented that the reduction in risk of death from breast cancer is tightly correlated with reductions in the risk of having a diagnosis of an advanced cancer. 23 In these trials, for an average participation to the first screening round of 80%, the cumulative incidence of stage 2-4 cancers was on average 15% lower in the screening group than in the control group. 23 Secondly, on the basis of the SEER survival data for breast cancer, one study estimated that a 15% reduction in stage 2-4 cancers is associated with a 10% reduction (95% confidence interval 9% to 11%) in breast cancer mortality, and this relative reduction is independent of treatment efficacy. 22 We have used this 15% to 10% (i.e, 3:2 ratio) relation between the numbers of advanced cancers and breast cancer deaths for estimating mortality reductions associated with screening. So, for three fewer stage 2-4 cancers, there would be two fewer breast cancer deaths, and reciprocally. We were therefore willing to estimate the difference between the observed rates of stage 2-4 breast cancers and the rate that would have existed in the absence of screening.
The incidence of advanced breast cancer in the Netherlands before screening started is unknown because national data on cancer incidence before 1989 are not available. Because of the close relation between the risk of cancer death and the risk of advanced cancer when no efficient treatment exists, and because efficient adjuvant, chemotherapeutic, and radiotherapy treatments were uncommon before 1990, 24 we opted for an indirect approach by considering that breast cancer mortality trends in the 1970s and 1980s paralleled trends of advanced breast cancers. Because the analyses showed that mortality started to drop in 1995, we made a linear projection of mortality to 2012 using the annual percentage change prevailing before 1994 ( fig 1) and considered that the difference between mortality in 1989 and mortality extrapolated to 2012 was part of mortality reductions due to screening. We then considered the difference in stage 2-4 cancer rates from 1989 to 2012 (fig 1) that we also attributed to screening. The corresponding reduction in breast cancer mortality was derived by multiplying the reduction in stage 2-4 cancers by 2/3 as explained above (fig 1) .
The projection to 2012 assumed that the ascending linear trend would persist over time. For testing whether the linearity assumption was valid, we fitted age-period-cohort models to mortality data of women until the inflexion of 1995 (see supplementary materials).
Estimation of overdiagnosis
We considered all years, from 1989 to 2012, during which there was screening. We defined overdiagnosis in women aged 50 to 74 as the incidence of in situ and stage 1 breast cancer in excess to the incidence that would be expected in the absence of screening, corrected for the clinical lead time. In the absence of national incidence figures before 1989, we elected to take breast cancer incidence trends in women aged less than 50 as the trends that should be expected in the absence of screening. We also made estimations using rates in women aged 75 or more and 75 to 84.
Like the Dutch National Evaluation Team, 11 we took the age adjusted incidence rates observed in 1989 as the starting point for computing the expected incidence rates in the absence of screening. We applied the annual percentage change computed for the three age groups not invited to screening to the incidence rates of women aged 50 to 69 for 1989-97, and to the incidence rates of women aged 50 to 74 for 1998-2012.
We computed the proportions of extra cancers diagnosed among women invited to screening for three periods: 1989-2012, when women aged 50-69 were invited to screening, 1998-2012 when women aged 70-75 were also invited, and 2007-12 when digital mammography replaced film based mammography.
The extra cancers included screen detected cancers that would have been diagnosed at stage 2-4 in the absence of screening. Hence, the stage 2-4 cancers that were detected when in situ or at stage 1 (ie, the clinical lead time) need to be deduced from estimation of overdiagnosis. 25 We computed the number of advanced cancers that was detected at an earlier stage as the mortality reduction due to screening in all women aged 50 or more multiplied by 3/2.
Other extra cancers in women aged 50-74 are the in situ and stage 1 cancers that could have been symptomatic after age 74 or more (when women are no longer invited to screening) but that were screen detected before age 75. These extra cancers should not be considered as overdiagnoses. If these cancers were detected in women invited to screening, however, their detection should be followed by a compensatory drop of in situ and stage 1 cancers in older women not invited to screening. We assessed the possibility of a compensatory drop by running a joinpoint regression on in situ and stage 1 cancers diagnosed after age 74.
Breast cancer mortality reduction and overdiagnosis in 2010-12
To assess the balance between breast cancer deaths averted owing to screening and the extent of overdiagnosis, we estimated the reductions in the numbers of breast cancer deaths in 2010-12 that resulted from screening or more efficient treatments. A first scenario did not consider cohort effects on mortality and a second scenario considered cohort effects.
Results

Breast cancer mortality
The age adjusted breast cancer mortality of 39.0 per 100 000 women of all ages in 1987-89 decreased to 25.8 per 100 000 in 2011-13, hence a 38.1% mortality reduction from 1989 to 2013. The reductions over 24 years were 45.2% in women aged less than 50, 39.1% in women aged 50-69, and 33.3% in women aged 70 or more.
The trends that prevailed before the downward inflexions observed in the 1990s were not uniform across age groups (fig 2): in women aged less than 50, a moderate downward trend was already present from 1970 onwards, whereas rates in women aged 50 to 69 remained stable until 1994. In women aged 70 or more, trends increased until 1997. In women aged 50 or more, after a period of relatively stable incidence (average percentage change 0.09%, 95% confidence interval −0.02% to 0.21%) from 1967 to 1995, a decline of −2.25% per year (95% confidence interval −2.46% to −2.04%) was observed after 1995. The further decrease of −2.76% (ie, −3.38% minus −0.62%) per year observed in women aged less than 50 after 1998 is of greater magnitude than the decrease observed after 1995 in women aged 50 or more.
The age group contrasts in trends denotes gradual decreases in the lifetime risk of breast cancer death in successive generations-that is, a cohort effectinterrupted by noticeable downward inflexions occurring across all age groups in 1993 to 1996. Supplementary figures S1 to S3 in the supplementary materials display the results of the age-period-cohort modelling. A forecast of mortality trends in women aged 50 or more based on the age-period-cohort model indicates a smooth, progressive tendency towards lower mortality after 1994 owing to a steadily lower risk of breast cancer death among successive generations of women born after 1923 (see supplementary figure S3 ). This steadily lower risk would be associated with long term changes in genetic, environmental, and lifestyle risk factors associated with breast cancer death. The reduction of mortality due to cohort effects would have happened independently of screening or of improved treatments. This reduction would have ended up as a mortality about 5% lower in 2012 than in 1995.
Stage specific breast cancer incidence From 1989 to 2012, a total of 27 909 in situ and 267 989 invasive breast cancers were diagnosed among Dutch women of all ages. Trends from 1989 to 2012 show considerable increases in the incidence of in situ tumours and stage 1 cancers, whereas trends in stage 2-4 cancers have remained relatively stable (see supplementary figure S4 ). The adoption of the axillary sentinel node biopsy procedure by all medical institutions in 2002 induced a stage migration that led to the upstaging of a sizeable fraction of stage 2 cancers into stage 3 cancers. This phenomenon is not perceptible for stage 1 cancers. A joinpoint analysis of stage 1 cancer rates in women of all ages showed annual percentage changes of 11.57% (95% confidence interval 8.96% to 14.23%) in 1989-93, 1.36% (0.85% to 1.87%) in 1993-2005, and 3.48% (2.45% to 4.52%) in 2005-12. There is thus no evidence for a downward inflexion in stage 1 cancer rates in years during which the sentinel node biopsy procedure was generalised.
In women aged 50 or more, the incidence of stage 2-4 cancers remained practically unchanged over time, from 168 per 100 000 in 1989 to 166 per 100 000 in 2012 (fig 3) , with a non-significant annual percentage change of −0.16% (95% confidence interval −0.36% to 0.04%, table 1). From 1995 to 2012 the screening programme was fully operational nationwide, with participation constantly around 80%. During that 18 year period the incidence of stage 2-3, stage 4, and stage 2-4 cancers remained stable (table 1). In contrast, the incidence of in situ and stage 1 cancers increased sharply. The comparison of incidence between age groups shows noticeable differences in trends over time that correlate with invitation to screening and the replacement of film based mammography with digital mammography (figs 4 and 5). In women aged 50-69, the steep increases in incidence in 1990-96 were followed by further increases until 2007, after which other steep increases occurred when digital mammography was introduced. After a nine year period of stable incidence in women aged 70-74 similar to that in women aged 75 or more, invitation to screening in 1998 led to a sudden increase in rates followed by further increases until the advent of digital mammography, which prompted new noticeable rate increases. Overall, during the 23 year period, a sixfold increase in the incidence of in situ cancers occurred among women aged 50-74. The incidence of stage 1 cancers increased by threefold in women aged 50-69 and by 3.5-fold in women aged 70-74. During the same period, rates in women aged less than 50 or more than 75 increased by 2.6-fold for in situ cancer and by 1.3-fold for stage 1 cancers. Of note, among women aged 75 or more, joinpoint analyses for the incidence of in situ and stage 1 cancers combined found two successive periods of increasing annual percentage changes, 6.4% per year (95% confidence interval 1.3% to 11.8% per year) from 1989 to 1993, and 0.7% per year (95% confidence interval 0.2% to 1.1% per year) from 1993 to 2012. Hence, the extra in situ and stage 1 cancers diagnosed in women invited to screening were not followed by a downward inflexion in trends among older women not invited to screening, which could suggest the presence of a compensatory decrease at any moment between 1989 and 2012.
Among women aged less than 50, the incidence in stage 2-4 cancers has remained stable, except between 1998 and 2002 when an increase in stage 2 cancers took place, which was interrupted by a sudden decrease corresponding to the adoption of the sentinel node biopsy procedure (see supplementary figure S5 ).
Causes of mortality reductions
In a first scenario, we assumed that in the absence of efficient treatment the ascending trend of 0.09% per year observed in 1967-95 among women aged 50 or more would have persisted until 2012 (fig 1) . Hence the rates would have changed from 110 per 100 000 women in 1995 to 112 per 100 000 women in 2012-that is, by about 2%. We considered that screening did prevent this 2% increase. We then estimated that screening was responsible for the 0.16% per year decline in the incidence of stage 2-4 cancers after 1989, which resulted in a 4% reduction in incidence over the 23 year period ( fig  1) . This reduction equated to a mortality decrease of about 3% (ie, 4%×2/3, fig 1) .
These computations are recapitulated in table 2 for 2010-12, with their translation in numbers of breast cancer deaths. In the first scenario without a cohort effect on mortality, screening would be associated with a 5% reduction in breast cancer mortality, whereas improved treatments would be associated with a 28% reduction in breast cancer mortality. Hence screening would have contributed to 15% of reductions in breast cancer mortality, whereas improved treatments and patient management would have contributed to 85% of reductions. In a second scenario we considered that mortality trends from 1995 to 2012 declined by about 5% (fig 1) because of a cohort effect (see supplementary materials). Hence the cohort effect would replace the putative effect of screening in the first scenario, whereas factors other than screening would still be associated with a 28% reduction in breast cancer mortality.
Year
Estimation of overdiagnosis
If incidence in women aged less than 50 is taken as the comparison group, during 1989 to 2012 around 50% extra in situ and stage 1 cancers were diagnosed among women in age groups invited to screening (see supplementary tables S1 and S2). Extra cancers amounted to 56% of in situ and stage 1 cancers in 2007-12, when digital mammography totally replaced film based mammography. Using women of older age groups not invited to screening as reference led to slightly higher proportions of extra cancers.
In 2010-12, 30 071 in situ and invasive breast cancers were diagnosed among women aged 50 to 74 in the Netherlands, 16 965 (56.4%) of which were screen detected (table 3) . Extra in situ and stage 1 cancers amounted to 10 998 cancers, a portion of which represented clinical advances in diagnosis, which we estimated as the 640 screen prevented deaths from breast cancer (table 2) multiplied by 3/2, for obtaining an estimate of 960 cancers (table 3). In the first scenario, after deduction of the 960 cancers that were detected at an earlier stage we estimated that overdiagnosed cancers represented 33% of all breast cancers diagnosed among women in age groups invited to screening and 59% of screen detected breast cancers. Hence, in the era of digital mammography and in the best case scenario, there would be 10 038 overdiagnosed cancers for 640 averted breast cancer deaths as a result of screening. Thus for one woman who would not die from breast cancer because of screening, about 16 women would be overdiagnosed with an in situ or a stage 1 cancer. In the second scenario, owing to cohort effects there would be overdiagnosis without earlier detection of cancers that would be stage 2-4 in the absence of screening.
discussion
Our study is based on the analysis of incidence trends of advanced cancer, a method previously utilised by the Dutch National Evaluation Team for providing evidence that screening was involved in reductions in breast cancer mortality. 11 Our study shows that after 23 years of screening, the reduction in breast cancer mortality in women aged 50 or more associated with screening ranges from 0 to 5%. In contrast, factors other than screening, presumably improvements in the treatment of patients with breast cancer, would have led to a 28% reduction in breast cancer mortality. The likelihood of the predominant influence of treatment effectiveness on mortality reductions is supported by the observation that the timing and magnitude of decreases in mortality were similar among women aged less than 50 and among women aged 50-69. Moreover, the noticeable reduction in breast cancer mortality in women aged less than 50 was independent of the incidence of stage 2-4 cancers and thus entirely resulted from improved treatments.
The computations in table 2 suggesting a 5% reduction in mortality associated with screening are based on two suppositions in favour of screening: firstly, we considered that screening had somehow affected trends of stage 2-4 cancers towards lower rates despite the absence of a statistically significant decrease in incidence of these cancers. Secondly, we posited that the difference between the mortality rate linearly extrapolated to 2012 and the mortality rate observed in 1995 (fig 1) was as a result of screening. Objections against the latter supposition could be raised because the difference in rates between 1995 and 2012 could also result from improved treatments. However, the age-period-cohort model (see supplementary materials) indicates that the linear extrapolation of trends prevailing before 1995 is probably not the most likely scenario, and that the long lasting cohort effect is likely to contribute to declines in mortality. The Dutch National Evaluation Team acknowledged that after 1997 the incidence of advanced breast cancer no longer decreased but tended to return to prescreening levels. 26 No explanation was, however, proposed that would not challenge the effectiveness of screening. Other studies in the Netherlands have documented the poor influence of screening on the incidence of advanced breast cancer, one study in women participating in screening in a southern province and another in all women aged 70 to 75. 27 28 Stage migration as a result of the sentinel node biopsy procedure has led to an upstaging in only a fraction of patients, mainly from stage 2 to stage 3 cancers. [29] [30] [31] Hence stage migration is unlikely to explain the quasi-stability of the incidence of stage 2-4 cancers. 32 We found no explanation for the transient increase in stage 2 cancers observed among women aged less than 50. Probably this phenomenon was due to changes in the histological assessment of surgically removed materials. No data on stage specific incidence of breast cancer are available before 1989, and thus it is impossible to assess whether the continuous decrease in mortality that started in 1970 in women aged less than 50 was associated with changes in the incidence of advanced cancers among young Dutch women.
These observations on the limited ability of mammography screening to reduce the incidence of advanced cancers are supported by studies on breast cancer mortality. Twenty years after the introduction of mammography screening in the Dutch city of Nijmegen, deaths from breast cancer did not decline any earlier than in the Dutch city of Arnhem or in the Netherlands generally. 33 The healthcare systems and the socioeconomic environments in the Netherlands and Belgium are comparable. Breast screening in Belgium was implemented about 15 years later than in the Netherlands, and in 2000-05 participation to screening was still around 50% in Belgium, whereas in the Netherlands it has remained around 80% since 1989. 34 The age adjusted breast cancer mortality of 37.5 per 100 000 in Belgian women of all ages in 1987-89 decreased to 26.0 per 100 000 in 2011-13, hence a 24 year mortality reduction of 34%, which is comparable to the 38% reduction observed in the Netherlands.
The steep increases of in situ tumours and stage 1 cancers in women aged 50 to 74 after invitation to screening are typical of period effects affecting age groups rapidly exposed to a new detection method. Because changes in the incidence of advanced cancers were marginal, and because no compensatory decrease in the incidence of early stage breast cancer was observed in women aged 75 or more, most of the increases in in situ tumours and stage 1 cancers in women aged 50-74 would represent overdiagnosis.
Overdiagnosis has increased over time with the extension of screening to women aged 70-75, and with the replacement of film based mammography by digital mammography. In 2010-12, 52% of in situ tumours and stage 1 cancers found in women aged 50-74 and 59% of screen detected cancers would represent overdiagnosis.
A recent study of the Dutch National Evaluation Team estimated that 22% of cancers found in women invited to screening from 1989 to 2009 represented overdiagnosis. 35 We found that 22% to 24% of breast cancers found among women invited to screening during 1989-2009 represented overdiagnosis (see supplementary table S3 ).
The overdiagnosis of stage 1 cancers was about two times higher in women aged 70-74 than in women aged 50-69 ( fig 5) . This age contrast accords with the 27 Observations in the Netherlands are in line with other data showing that the replacement of film based mammography by digital mammography has substantially increased the burden of in situ breast tumours without decreasing rates of interval cancers. [36] [37] [38] [39] Hence the advent of digital technologies has probably worsened the overdiagnosis problem without clear evidence for improvements in the ability of screening to curb the risk of breast cancer death. The gradual increase in overdiagnosis over time is the major factor involved in the increasing lifetime risk of in situ or invasive breast cancer that shifted from 1 in 10 Dutch women in 1990 to 1 in 6.6 in 2010. 40 Strengths and limitations of this study Our study has several strengths. Cancer registration in the Netherlands is of high quality, and a study estimated that the reliability of cause of death statistics in the Netherlands was high (>90%) for major causes of death such as cancers. 41 The 3:2 relation between reductions in stage 2-4 breast cancers and death from breast cancer we used is derived from results of randomised trials, cancer registries, and cause of death registries.
Our study has several limitations. We assumed that incidence trends would follow trends in age groups not invited to screening and that mortality trends would follow trends prevailing before the shifts observed in the 1990s. Unlike other studies 42 we had no contemporary comparison population with or without low participation to screening. Moreover, nationwide data on breast cancer incidence did not exist before 1989. The choice to use trends in women aged less than 50 and older than 74 was probably the most acceptable surrogate for trends that would have existed in the absence of screening. Our choice is supported by several observations: trends in incidence in women aged less than 50, 70-74, and 75 or more were similar until 1997. From 1975 to 1998 in the Eindhoven area (southwest of the Netherlands), the incidence of breast cancer among women aged less than 50, 50-69, and 70 or more increased at about the same pace. 43 Our assumption that in the absence of screening and effective patient treatment the incidence of stage 2-4 cancers would have paralleled that of breast cancer mortality is justified by the close relation between the risk of death from breast cancer and the risk of having a diagnosis of an advanced breast cancer observed in randomised trials. 23 
Conclusion
The data on advanced breast cancer in the Netherlands indicate that the Dutch national mammography screening programme would have had little influence on the decreases in breast cancer mortality observed over the past 24 years. This conclusion accords with the mounting evidence that randomised trials have overestimated the ability of mammography screening to reduce the risk of deaths from breast cancer in the entire life period after first exposure to mammography screening. [44] [45] [46] In contrast, the extent of overdiagnosis is continuously increasing with the invitation of older women to screening and the adoption of imaging technologies able to detect increasingly smaller breast tumours, most of which are of unknown clinical importance.
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